I. SPEECH PRODUCTION A. V O W E L DURATION AND A MODEL O F L I P MANDIBLE COORDINATION B. Lindblom
A c l a s s i c a l problem i n phonetics is that of vowel duration. The problem a r i s e s because of the systematic variations that the acoustic duration o i a vowel is known to exhibit a s a function of the feature composition of both the vowel itself and the adjacent consonantal environment. F o r example, everything e l s e being equal,
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(1) open vowels tend to be longer than c l o s e vowels;
( 2 ) a vowel is generally longer before a voiced consonant than before a voiceless consonant; and
it is longer a l s o before a fricative than before a stop (1, 2)
At p r e s e n t the c a u s e s underlying the differences listed under i !
(1) -( 3 ) a r e largely unknown. Nor can anything be said with c e r t a i n -
ty about t h e i r cross-lingual generality. Consequently phonetic theory h a s yet to b e developed t o the point where i t predicts and explains the acoustic f a c t s of vowel duration and provides a rationale f o r r e g a r ding t h e m a s linguistically determined o r a s consequences of universal
physiological conditions on human speech production. In s o f a r a s . .
such a n undertaking is successful i t i s likely to deepen o u r g e n e r a l understanding of the motor organization of the syllable and to b e a r on the question of determining the f o r m of phonetic r u l e s i n linguistic d es c ription. I 
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In the following study we attempt t o analyze open and c l o s e vowels i n t e r m s of t h e i r production. It is shown that a dynamic model of lip
and mandible interaction c a n be constructed that predicts the observed durational difference. The assumptions on which t h e s e predictions have t o b e based a r e then exposed t o d a t a on lip and mandible movement.
Open-close dimension of vowels
Traditionally the d e g r e e of opening of a vowel is said to be d e t e rmined by i t s "tongue height". It h a s been recognized, however, that the d e p r e s s i o n of the mandible c a n a l s o s e r v e a s a c r i t e r i o n of openn e s s . But since i t i s e a s y to d e m o n s t r a t e that perceptually acceptable STL-QPSR 4/1947 2. vowels c a n be produced a l s o with a pencil between the teeth, tongue height r a t h e r than jaw opening has been considered the p r i m a r y feature controlled by the talker.
Nevertheless, a fairly good a g r e e m e n t between classifications based on tongue height and jaw opening i s demonstrated b y the r e s u l t s of the following experiment: T h r e e subjects w e r e asked to sustain Swedish vowels (long and short). A photographic method was used t o r e c o r d the position of the mandible which was indicated by a special and back, rounded vowels, Each point r e p r e s e n t s the m e a n of approximately 20 m e a s u r e m e n t s f r o m the t h r e e subjects. Lines have been drawn t o connect vowels assigned t o t h r e e c l a s s e s of opening.
T h e s e plots b e a r a r a t h e r c l o s e resemblance t o c l a s s i c a l vowel quadr i l a t e r a l s . 
Vowel duration and mandible ~o s i t i o n
Since the inherent duration of a vowel h a s been associated with its 1 tongue height, and tongue height and jaw opening a p p e a r to b e c o r r elated i n non-compensatory modes of pronunciation, it i s natural t o expect a t l e a s t a n approximate c o r r e l a t i o n a l s o between vowel d u r ation and mandible position. Two t a l k e r s who participated i n the 1 above-mentioned experiment a l s o read l i s t s consisting of randomized sequences of nonsense words containing long and s h o r t Swedish vowe l s i n a n [I' b-b(b) 1] f r a m e . F o r each t a l k e r , the duration of the vowel segment is defined a s the i n t e r v a l between the plosion of the f i r s t [b] and t h e initiation of the occlusion f o r the second [b] . The r e s u l t s of t h e s e m e a s u r e m e n t s (pooled and averaged) a r e presented i n Fig. I 
-A-2 and compared with d a t a f r o m the f i r s t experiment. It
is c l e a r that the expected correlation, although g r o s s , is p r e s e n t i n t h e s e data. the lips: When this p a r a m e t e r is z e r o we have a bilabial occlusion;
DEGREE OF JAW OPENING
when the p a r a m e t e r a s s u m e s a positive value we have a n open labial configuration a s during a vowel. Consider a point located midsagittally on the upper l i p n e a r say the vermilion b o r d e r and a corresponding point on the lower lip. In the following we shall observe lip movements i n t e r m s of the displacements of t h e s e points. In relation t o some reference, f o r example the maxilla, the displacement of the upper lip is due mainly t o labiomuscular forces. The lower lip, on the other hand, moves owing t o the p r e s e n c e of labial and/or mandib u l a r m u s c u l a r f o r c e s .
Assume that the upper and lower lips and the mandible c a n each
be represented by a damped s p r i n g -m a s s s y s t e m . F o r such a I s y s t e m the displacement x(t) i s governed by the standard cquati-n of motion:
where m , b , and k a r e the m a s s , friction and spring constants and f(t) the driving force. Dots above x r e p r e s e n t differentiation with r e s p e c t t o the t i m e variable t . Eq. i t s resonance frequency s m a l l i n comparison with the corresponding attributes of the lower lip, the motion of the mandible will i n a f i r s t approximation be unaffected by the lip and the movement of the lower lip will be the s u m of the individual lip and jaw components. Since i t a p p e a r s justified to suppose that i n a f i r s t approximation, the l i p s and the mandible come reasonably c l o s e t o meeting t h e s e a s s u m ptions under physiological conditions we define s ( t ) , the midsagittal separation of the lips, a s
This equation i s by definition valid only when
we s e t u s(t) = 0. The t e r m s xu and x r e p r e s e n t the labio-muscular displace-R ments of the upper and lower lips and x . denotes the jaw-dependent J d e p r e s s i o n of the lower lip relative t o the n e u t r a l location of the upper lip and t is time. In accordance with t h e preceding discussion x and a x . a r e h e r e t r e a t e d a s independent additive t e r m s . T h e s e p a r a m e t e r s J a r e illustrated i n Fig. I-A-3 . Elevation above the neutral o r jawdependent position makes a p a r a m e t e r positive and d e p r e s s i o n makes ! i t negative. Before i n s e r t i o n into Eq. (2) the signs of xu, xi and x j I i n Fig. I -A-3 a r e thus negative, positive and negative, respectively.
The t e r m xo is a constant which stands f o r the uncompressed length I of the t i s s u e between the points on the lips a t t h e moment when s be- (2) we s h a l l then obtain the t i m e functions J representing s(t) which c a n be studied with r e s p e c t t o "acoustic vowel" duration a s a function of "jaw" opening.
Our f i r s t s t e p is t o a s s i g n c e r t a i n "labial" and "mandibular" In the left p a r t t h e ayetame a r e independent; i n t h e right half they interact. The constant x is equal t o t h e uncompreaaed length of t h e spring connecting the two bodiee i n t%e right p a r t of the figure.
language c e r t a i n ideal positions of t h e articulatory organs and i n t e rp r e t s syllables, words, p h r a s e s etc. basically a s sequences of I move-I ments between such positions (cf. ~i e v a s ' s "Stellungslaute und Uber- (1) f o r instance by m e a n s of Laplace t r a n sf o r m s (7, 9 ) once the values of the constants m, b , and k have been
chosen. F o r computational convenience b was s e t equal t o 2 Jkm i n deriving t h e displacements of t h e s e s y s t e m s . This choice makes -at t h e m c r i t i c a l l y damped and gives t h e m a n impulse response of t e 
Experimental method and procedures
I
A procedure h a s been developed t o record lip and jaw movements continuously and i n synchrony with the speech signal. This procedure which is a n improved version of the method described e a r l i e r by . As c a n b e s e e n the c u r v e s f o r t h e two conditions a r e a l m o s t identical. The normalization and averaging procedure will b e described below i n the s e ction on Experimental Results.
1
F o r synchronization purposes t h e c u r r e n t through the lamps was pulsed. The speech signal would thus be recorded on one of the channels of a twin-track t a p e -r e c o r d e r the other channel being used f o r the pulses. The lamps w e r e lit by the experimenter f o r each i t e m i n the t e s t l i s t individually, To facilitate the detailed t e m p o r a l alignment of the acoustic and articulatory r e c o r d s e v e r y eighth pulse differed f r o m the r e s t i n shape and would produce a thicker t r a c e on the film. In Fig. I -A-7 the synchronization pulses a p p e a r at the top of the s p e c t r o g r a m . The shape of the pulses was chosen s o a s t o speed up the onset c h a r a c t e r i s t i c s of the lamps. The delay between t h e onset of a given pulse and the onset of the corresponding photographic t r a c e was thus rendered negligible. The decay c h a r a c t e r --1 i s t i c s of the l a m p s permitted no f a s t e r r a t e than 50 s e c f o r the pulses t o a p p e a r distinctly on the film. In view of the relatively slow movements of the lips and the jaw t h i s was considered quite sufficient.
DISTANCE B E T W E E N L I P L A M P S (mm)
It w a s c l e a r that the movements of the l i p s and the mandible might not always take place a t right angles with t h e f i l m path. Often I such movements a r e a l s o t r a n s v e r s a l . A l a m p c a n accordingly be displaced horizontally away f r o m i t s ideal v e r t i c a l path, that i s , i along the t i m e s c a l e of the f i l m and consequently d i s t o r t the t i m e relations among the t r a c e s . One valuable f e a t u r e of using pulsed I instead of continuous t r a c e s i s that such distortions c a n be c o r r e c t e d for. Fig. I-A-9 shows a n example of the type of r e c o r d that c a n be 1 obtained with the p r e s e n t procedures, paper. T h r e e subjects, a l l laboratory employees, w e r e used. Two of these (subjects A and C ) had had no training before a s experimental subjects and w e r e not a w a r e of t h e purpose of the experii ments. The third t a l k e r (subject B) was the p r e s e n t w r i t e r . All The t r a c e s m a r k e d A, B, C and D p e r t a i n t o t h e r e f e r e n c e l a m p , the u p p e r lip, l o w e r l i p and jaw l a m p s respectively. T h e u t t e r a n c e i s [I' bi:bI] . . .
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Experiment a1 results
Quality of data
------- T a l k e r A: [ a ] - [I] , Fig. I-A-11 The c u r v e s labeled x -x . differ mainly a s r e g a r d s opening U -x~ J f o r the s t r e s s e d vowel. Also the [ a ] is longer than [I] w h e r e a s the consonant segments have about the s a m e duration. The separation of the lips is l a r g e r a t the instant of r e l e a s e than a t moment of oc-I clusion (Table I- occurs at a slow r a t e a s observed also i n the previously examined ut- T h e s e effects a r e p r e s e n t f o r a l l the talkers. [ 11 I n t e g r e t a t i o n of xo. T h e r e a r e two tendencies i n Table I -A-I that ---------r e q u i r e a n explanation. F i r s t l y , the separation of the l i p l a m p s is l a r g e r a t plosions than a t the beginning of closures. This d i s c r e pancy should probably be attributed t o the p r e s e n c e of adhesive f o r c e s
] occlusions. T h e s e t e s t s w e r e performed not on c u r v e segments but only f o r p a i r s of ordinates a t individual t i m e coordinates. Since fewer d e g r e e s of f r e e d o m a r e involved i n t e s t s of t h e l a t t e r kind we a r e justified i n concluding that not only the tested p a i r s but a l s o t h e
that make t h e l i p s s t i c k together and a p p e a r a s soon a s the lips m a k e contact o r a s t h e opening of the lips is begun. On the termination of t h e s e f o r c e s discontinuities c a n s o m e t i m e s b e s e e n i n the individual lip t r a c e s a t t h e moments of r e l e a s e . In t h e s e oases i t is possible
that oscillations a l s o occur a s found i n previous investigations (14, 21) Our e a r l i e r experience of high-speed film analysis of the lips (22) convinces u s that such adhesion effects a r e by no means uncommon under n o r m a l speaking conditions and they should not be attributed exclusively t o the p r e s e n t u s e of lamps and the special jaw device.
The accomodation of these facts by the model of of control and c a n b e generated simply a s a r e s u l t of the superposition of jaw movement on the opening and closing g e s t u r e s of the lips.
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Method. To expose the assumptions Dn which the predictions of the ----model had t o be based data on lip and jaw movement w e r e collected.
With.the procedure used the lip and the jaw could b e recorded continuously and i n synchrony with the speech signal. The method involved t h e u s e of cylindrical miniature l a m p s which w e r e attached t o the t a l k e r ' s l i p s and t o a special device indicating the position of the mandible. The movement of the lamps during speech was r e g i s t e r e d by a n oscilloscope c a m e r a i n which the f i l m r a n perpendicular t o the movement dimension under analysis. In the experiments performed m e a s u r e m e n t was made of the v e r t i c a l movements of lamps on the 
78)
defined i n various ways. P o s s elt classifies mandibular movements i n speech a s "habitual (automatic) opening and closing movements". Although repetitions of these move- 
